The mechanism of preventing rockburst through deep-hole precracking blasting was studied based on experimental test, numerical simulation, and field testing. The study results indicate that the deep-hole precracking could change the bursting proneness and stress state of coal-rock mass, thereby preventing the occurrence of rockburst. The bursting proneness of the whole composite structure could be weakened by the deep-hole precracking blasting. The change of stress state in the process of precracking blasting is achieved in two ways: (1) artificially break the roof apart, thus weakening the continuity of the roof strata, effectively inducing the roof caving while reducing its impact strength; and (2) the dynamic shattering and air pressure generated by the blasting can structurally change the properties of the coal-rock mass by mitigating the high stress generation and high elastic energy accumulation, thus breaking the conditions of energy transfer and rock burst occurrence.
Introduction
Rockburst is one of the major dynamic disasters in mining, tunneling, and other underground engineering since it causes numerous casualties and accidents in South Africa, Central Europe, North and South America, China, and other countries of the world. Since the first rockburst which occurred at Shengli coal mine in Fushun and was recorded in 1933, over 3,000 coal bursts had happened in nearly 140 coal mines in China over the past 80 years. Rockbursts and their secondary disasters have been associated with thousands of accidents and casualties. For instance, on June 5, 2008 , November 3, 2011, and March 27, 2014, three serious rockbursts accidents happened in Qianqiu coal mine of Yima Coal Industry Group, killing a total of 29 people and injuring more than 80 people. Also, on February 14, 2005 , 214 workers were killed in a gas explosion disaster induced by rockburst in Sunjiawan coal mine in Fuxin, Liaoning Province. Rockburst has become one of the major dynamic disasters in deep coal mining in China.
As of now, understanding of rockburst mechanism is not explicit because of so many uncertain factors such as bursting proneness of coal and rock stratum, geological conditions, and mining technology. Over the years, many studies pertinent to evaluation [1] [2] [3] , prediction, and prevention of rockbursts have been conducted. To effectively predict rockburst, various methods and/or models have been established, including fuzzy comprehensive evaluation method [4, 5] , Bayes' discriminant analysis [6] , unascertained measurement approach [7] , Lyapunov index method [8] , maximum entropy principle [9] , rough set combined with genetic algorithm [10] , judgment index classification [11] , stress state determination [12] , rough set theory [13] , mining and seismological parameters [14] [15] [16] , and optimal relative membership degree [9] . In the field, methods and measures of optimal mining layout, mining protection layer, coal seam water injection, hydraulic fracturing [17] , destress blasting [18] [19] [20] , rock blasting [21] [22] [23] [24] , deep-hole directional fracturing [25] , destress drilling, and deep-hole precracking blasting, and so forth, have been developed and applied for burst prevention.
Deep-hole precracking blasting (DHPB) is conceptually defined as blasting in the coal-rock mass with a blast hole with a depth of more than 10 m to develop fractures in the coal-rock mass. A coal seam with thick hard roof strata, such as Qianqiu mine of Yima Coal Industry Group and Huafeng coal mine of Xinwen Mining Group, uncaved roof strata in mined-out area could accumulate energy and incur potential rockburst. When adopting the approach of DHPB, the integrality and continuity of roof can be directly broken. As a simple process and effective rockburst preventing measure, it has been widely used in these burst-prone coal mines in China. To further study the rockburst mechanism of DHPB, experimental test, numerical simulation, and field testing were conducted and corresponding results were presented in this paper.
The Influence of DHPB on the Bursting Proneness of Coal-Rock Mass

Bursting Proneness Test of "Roof-Coal" Combination.
The bursting proneness is an inherent property of coal-rock mass incurring bursting damage. In order to compare and study the bursting proneness of "roof-coal" combination, samples of roof stratum only, coal only, and two "roof-coal" combinations were tested with TAW-2000 microcomputer-controlled electrohydraulic servo rock triaxial testing machine in the lab. Figure 1 illustrates these three classified samples utilized in the test. Both roof rock and coal were taken from Yuejin coal mine of Yima Coal Industry Group and the samples of "roofcoal" combinations are glued together with columns of coal and roof rock. The finished cylindrical test specimens were about 50 mm in diameter and 100 mm in height.
The bursting proneness measurements of roof strata were conducted by following the Chinese national recommended standard GB/T25217.1-2010, which is named "Methods of test, monitoring and prevention of rockburst-part 1: Classification and laboratory test method on bursting liability of roof strata. " In this standard, bending energy index was express appointed to determine and evaluate the bursting proneness of roof strata, just as Table 1 listed. The bursting proneness measurements of coal and "roofcoal" combinations were conducted by following the Chinese national recommended standard GB/T25217.2-2010, which is named "Methods of test, monitoring and prevention of rockburst-part 2: Classification and laboratory test method on bursting liability of coal. " To determine and evaluate the bursting proneness of coal, four indexes, including duration of dynamic fracture (DT), elastic strain energy ( ET ), bursting energy ( ), and uniaxial compressive strength ( ), were utilized in the testing and analysis. The classification of bursting proneness of coal is listed in Table 2 .
Bursting Proneness Testing Results and Analysis.
Based on measured uniaxial compressive strength, tensile strength, density, and elastic modulus of the roof stratum, the bending energy index of the roof was calculated as 22.09 kJ, which indicates that the bursting proneness of the roof stratum is weak. Table 3 indicates sample group numbering, values of these four indexes of coal, and corresponding bursting proneness. Groups A, B, and C in Table 2 represent samples of coal, 1 : 1 coal-rock mass complex sample, and 1 : 2 coal-rock complex sample, respectively. The testing and calculation results indicate that the bursting proneness of these three group samples A, B, and C are weak, weak, and strong, respectively.
As indicated in Table 2 , with the increase of roof stratum volume, the duration time of dynamic damage of the sample deceased, but the bursting energy, elastic energy, and uniaxial 
Uniaxial compressive strength ( )/MPa < 7 7 ≤ < 14 ≥ 14 compressive strength increased. When volume of roof stratum in the sample is two times large as the coal, the bursting proneness of the coal-rock mass became strong. It suggests that the roof stratum has a great influence on the bursting proneness of the coal seam. Although the bursting proneness of samples in Groups A and B is considered as weak, the average bursting proneness of coal-rock mass is greater than that of pure coal.
The Impact of DHPB on the Bursting Proneness of RoofCoal Mass.
As mentioned above, the roof stratum has a great impact on the bursting proneness of the coal seam. When assessing the bursting proneness of a specific coal mine merely using the bursting proneness result from a single seam or rock layer, the assessment result might lead to be conservative. The actual degree of bursting proneness of the coal seam in the active working, which is actually determined by the combination of roof strata and coal seam, is greater than that obtained from the lab testing. The lab testing results above indicate that the bursting proneness of the coal mass is actually greater with the increase of roof strata in the reality. When applying the approach of DHPB, the integrity and continuity between the roof strata and coal seam are structurally broken, thus weakening and/or reducing their bursting proneness.
The Influence of DHPB on
Changing Stress State
Numerical Simulation of DHPB.
Based on the geotechnical condition of working face 25110 of Yuejin coal mine, the numerical analysis software FLAC was utilized to simulate the influence of DHPB on stress distribution in coal-rock mass.
The mechanical properties of coal-rock used in the numerical model are listed in Table 4 .
is the thickness of the coal-rock strata, m; is the density, kg⋅m −3 ; is the adhesion stress, MPa; is the internal friction angle, ∘ ; is the bulk modulus, GPa; is the shear modulus, GPa; and is the tensile strength, MPa. The simulation of the blasting influence on the coal-rock mass was achieved by weakening the mechanical property values of the coal-rock mass within the influencing area of the roof blasting, including density, elastic modulus, Poisson's ratio, tensile strength, cohesion, and frictional angle. There are multiple factors influencing the results of DHPB, such as blast hole angle, sealing length, and explosive dose. In this model, the depth and sealing length of the blasting hole are 20 m and 10 m, respectively. The blasting hole angles of 30 ∘ , 45 ∘ , and 60 ∘ were successively applied in the model as a comparison.
Numerical Simulation Results and Analysis.
There are four cases simulated in this study.
(i) Case-1: no blasting hole.
(ii) Case-2: blasting angle is 30 ∘ .
(iii) Case-3: blasting angle is 45 ∘ .
(iv) Case-4: blasting angle is 60 ∘ . Figure 2 indicates the distribution and change of the side-abutment pressure of these four cases. The numerical modeling results indicate that the peak side-abutment pressure is 83.7 MPa when not deploying precracking blasting. When applying the precracking blasting in the model, the peak side-abutment pressure decreases as the hole angle increases from 30 ∘ to 60 ∘ with decrements of 24.0%, 15.5%, and 9.2% as comparing with Case-1. In other words, the stress magnitude developed in the coal-rock mass can be effectively reduced/relieved by the precracking blasting with the effective blasting range. The degree of the stress reduction is mainly determined by the blasting hole angle when the rest of the parameters remain the same.
Furthermore, the main influences of DHPB on coal-rock mass stress environment can be summarized as follows. (1) Properly applying DHPB can break the roof and effectively induce roof caving in the gob area. Also, it can weaken the integrity and continuity of the roof in the gob and ahead of the face, thus reducing the impact when roof pressure comes.
(2) The dynamic shattering and air pressure generated by the blasting can structurally change the properties of the coal-rock mass by mitigating the high stress generation and high elastic energy accumulation, thus breaking the conditions of energy transfer and rockburst occurrence at a certain degree. bursting proneness, the roof needs to be caved in a wellmanaged way.
Case Study of DHPB Application
Rockburst Prevention Test with DHPB.
The precracking blasting testing site is located at the tailgate, 330 m away from the stop line of longwall 25110. Three stations of DHPB testing site were determined for deploying these blast holes, which are 285 m, 320 m, and 345 m away from the longwall stop line, respectively. The spacing between these two adjacent stations is 10 m. In a fan-shaped arrangement, three blast holes with a hole spacing of 10 m for each station were drilled perpendicularly to the entry (Figure 3) . The drilling angles of these two side blast holes are 30 ∘ and 45 ∘ relative to the coal seam, respectively. The depths of these two side blast holes are, respectively, 44 m and 33 m while the middle one is 22 m. The diameter of these blast holes is approximately 75 mm.
In order to detect and examine the rockburst prevention effectiveness of DHPB, the cuttings weight, mining induced stress, and working resistance of the hydraulic support were monitored. The arrangement of monitoring locations is shown in Figure 4 . The three cuttings weight measuring points were 285 m, 320 m, and 345 m away from the terminal mining line. The two mining induced stress measuring points were 325 m and 345 m away from the terminal mining line. And the serial number of the 4 supports was 83, 103, 113, and 123. Figure 5 are the cutting weights before and after the blasting from these three monitoring stations. It can be seen that the cutting weight obtained from the middle station greatly decreased after the blasting conducted on November 17th. However, a minor change was recorded in other two stations. Usually, there is a reliable correlation between the cutting weight of coal and the stress developed in the coal-rock mass. A decreasing cutting weight suggests the stress was relieved. It should be noted that the influence range of DHPB is not infinite. For the area that is out of the influence range, the cutting weight and stress developed in the coal-rock mass do not change much.
Evaluation of Rockburst Prevention Effectiveness
Cuttings Weight. Shown in
Mining Induced Stress.
To monitor the vertical stress developed in the coal seam, two KSE-II borehole stress meters were installed at a distance of 325 m and 340 m apart away from the longwall stop line. The depth of the blast hole at 325 m is 12 m and the other one is 15 m. The stress variation before and after blasting is shown in Figure 6 . It can be seen that the stresses from both locations became much lower after the first blasting on November 11th. The lower stress developed in the surrounding rock of the entry greatly decreased the bursting proneness as expected. As indicated in Figure 6 , the stress was getting higher after the blasting on November 20th due to the longwall mining activity, but its peak value is lower comparing with the one obtained before the blasting.
Working Resistance of Hydraulic Support.
The major purpose of DHPB is to make the strong roof from hardto-cave to periodic caving as the longwall moves, reducing the span of the hanging roof and the pressure around the longwall face. Therefore, the pressure of the face support can be considered as another index indicating the effectiveness of DHPB.
There are 124 hydraulic supports installed in the longwall face 25110 of Yuejin mine. These supports were numbered from the head gate to the tailgate as #1, #2, . . . , #124. As mentioned above, these blasting holes were drilled in the tailgate. When comparing the support resistances across the face, it can be seen that supports #1 to #80 experienced a minor pressure change while the rest evident. Figure 7 illustrates the working resistance variation of supports #83, #103, #113, and #123, which are closer to the tailgate, before and after the blasting. The recorded working resistance evidently indicates the pressure greatly reduced after applying DHPB. For the support #83, the pressure decreased by 73.6% from 25 MPa to 6.6 MPa. Additionally, the field observation indicated that, when the shearer was approaching the tailgate, the vibration generated from the drum was not visible and no coal squeezed out from the face, indicating a lower pressure from both the roof and the floor.
Conclusions
(1) Roof strata has a great influence on the bursting proneness of coal seam. The bursting proneness tests of pure coal and coal-rock mass complex showed that, comparing with the pure coal, the duration of dynamic fracture of coal-rock mass complex was decreased from 351 ms to 12.3 ms, the elastic strain energy index was increased from 1.64 to 9.44, the bursting energy index was increased from 2.63 to 5.53, and the uniaxial compressive strength was increased from 12.98 MPa to 19.20 MPa. The bursting proneness of coal-rock mass combination is evidently higher than pure coal or rock strata only. The thicker the strong roof stratum, the higher the bursting proneness of coal-rock. The combination of roof rock and coal, both with weak bursting proneness, can form a coal-rock mass complex with a strong bursting proneness. (2) Properly applying DHPB can structurally break the original composition of the roof strata and coal, thus reducing its bursting proneness. The dynamic shattering and air pressure generated by the blasting can structurally change the properties of the coalrock mass by mitigating the high stress generation and high elastic energy accumulation, thus breaking the conditions of energy transfer and rockburst occurrence. ( 3) The field testing data, including cutting weight, mining induced stress, working resistance of the hydraulic support, and microseismic events and energy from Yuejin coal mine, indicate that the stress concentration of coal-rock mass was greatly mitigated by DHPB. It can be conclusive that the approach of DHPB is applicable and reliable in reducing the bursting proneness for a burst-prone mine.
